The C 2 Swan system (d 3 Å g -a 3 Å u ) was observed in emission for the Áv ¼ À3 to Áv ¼ þ2 sequences in the 14,000Y 24,000 cm À1 spectral range using a Fourier transform spectrometer. We carried out a global simultaneous fit by including a wide range of vibrational states. A total of 34 bands with v 0 ¼ 0Y10 and v 00 ¼ 0Y9 were rotationally assigned. Numerous discrepancies were found in the assignments and in the measured transition wavenumbers between the new measurements and previous results. Most of the measured transition wavenumbers and their assignments for relatively low-v bands agreed with published data. On the contrary, for high-v bands our line positions and assignments disagreed with the tabulated literature values. In particular, the lines of six bands involving the levels with v 0 ¼ 4, 5, and 6 are almost completely different from the previous work. Major sources of the disagreement are thought to be line congestion and perturbations found in these bands. From the analysis, perturbations for v 0 ¼ 0, 1, 2, 4, 6, 8, 9, and 10 in the d 3 Å g state were identified. A study of these rotational perturbations suggest that some of them are likely caused by interactions with high-v levels of the b 3 AE À g state.
INTRODUCTION
The C 2 molecule has been identified in a wide variety of astronomical objects such as the Sun (Grevesse & Sauval 1973; Lambert 1978; Brault et al. 1982) , late-type stars (Querci et al. 1971; Goebel et al. 1983; Tautvaisiene et al. 2000; Reddy et al. 2002) , interstellar molecular clouds (Souza & Lutz 1977; Chaffee & Lutz 1978; Hobbs 1979; Hobbs & Campbell 1982; Chafee et al. 1980; Hobbs 1981; van Dishoeck & de Zeeuw 1984; Hobbs et al. 1983; Federman & Huntress 1989; Sembach et al. 1996; Gredel 1999; Gredel et al. 2001; Cecchi-Pestellini & Dalgarno 2002) , and comets ( Mayer & O'Dell 1968; Lambert & Danks 1983; Johnson et al. 1983; Gredel et al. 1989; Fink & Hicks 1996) . C 2 has also been the subject of extensive laboratory spectroscopic investigations ( Huber & Herzberg 1979; Bernath & McLeod 2001) . Huber & Herzberg (1979) tabulated the electronic, structural, and vibrational properties of C 2 as known up to about 1977. At present, to our knowledge, eleven low-lying electronic states of C 2 have been identified below 7 eV, and a triplet c 3 AE þ u state is thought to be located about 10,000 cm À1 above the ground state based on a perturbation analysis of the A 1 Å u state (Ballik & Ramsay 1963a; Chauville et al. 1977; Davis et al. 1988 ), although no transitions from or to this state have been observed. Figure 1 summarizes the low-lying electronic states of C 2 and the observed transitions between them.
Of the nine observed systems of C 2 , the most prominent bands in the visible region ($15,000Y25,000 cm À1 ) are the Swan system (d 3 Å g -a 3 Å u ). The Swan system is easily excited in flames or discharges through gases containing carbon. Because this band system is so easily excited, it was believed that the a 3 Å u state was the ground electronic state in the early studies. The history of Swan system observations can be traced back almost two centuries, and a comprehensive survey of the early historic work was given in a review by Tyte et al. (1967) . Phillips & Davis (1968) observed the Swan system mainly in a carbon arc and compiled rotationally resolved transition wavenumbers for 35 bands with v 0 ¼ 0Y6 and 8Y10 and v 00 ¼ 0Y9. It should be emphasized that no transitions that involve the v 0 ¼ 7 level were identified.
More recently, Amiot (1983) observed the (0, 0) band of the Swan system for the 12 C 2 , 13 C 2 , and 12 C 13 C isotopologues using Fourier transform techniques. The (0, 1) and (1, 0) bands of 12 C 2 were investigated by laser-induced fluorescence by Curtis & Sarre (1985) and Suzuki et al. (1985) , respectively. They observed not only the regular transitions with Á ¼ 0 but also a few cross transitions with Á ¼ AE1. Prasad & Bernath (1994) recorded the low-v bands up to v 0 ¼ 3 and v 00 ¼ 4 in emission with a Fourier transform spectrometer in a corona-excited supersonic jet expansion source and a hollow cathode discharge source. Recently, Lloyd & Ewart (1999) observed high-resolution spectra of the (0, 0) band using degenerate four-wave mixing. These investigations improved the accuracy of the line positions and molecular constants for some of the bands originally reported by Phillips & Davis. At first sight, therefore, all of the features of the Swan system seem to have been thoroughly investigated. However, the bands that involve high vibrational states for both the a 3 Å u and d 3 Å g states do not seem to be studied at high resolution with modern instrumentation and have not been analyzed systematically with global fitting programs.
As early as in 1910, Fowler (1910) found that the progression from the v 0 ¼ 6 level appeared more intense than those from other vibrational levels in an electrical discharge through CO at a relatively high pressure of $0.1 atm. This specific emission is sometimes called the ''high-pressure bands,'' even though, later, they were found to be produced at much lower pressures under a variety of experimental conditions (Little & Browne 1987; Weltner & Van Zee 1989) . Several mechanisms have been proposed for this abnormal enhancement of the intensity of transitions from v 0 ¼ 6 (Herzberg 1946; Setser & Thrush 1963; Savadatti & Broida 1966; Kunz et al. 1967; Little & Browne 1987; Caubet & Dorthe 1994; Erman 1980) . Tanabashi & Amano (2002) observed three bands of the Swan system by a direct absorption technique using a tunable dye laser as a radiation source. In their study, they found a new band that was assigned as (7, 9) as well as two known bands that were as-signed as (6, 8) and (5, 7). The only available analysis for such high-v levels of the d 3 Å g -a 3 Å u system was published by Phillips & Davis (1968) . However, the newly observed absorption spectra of the (6, 8) and (5, 7) bands were found not to agree with those identified by Phillips & Davis (1968) . We correctly identified bands that involved the v 0 ¼ 6 state in d 3 Å g and revealed that this state was not particularly different from other states. Therefore, the mechanisms proposed to explain the ''high-pressure'' bands were in retrospect made based on a set of incorrect spectroscopic constants.
To sort out the discrepancies with previous work, we undertook a thorough investigation of the entire Swan band system. These new measurements were carried out with a high-resolution Fourier transform spectrometer (Bruker IFS 120 HR) at the University of Waterloo in Canada. The C 2 molecule was produced in a microwave discharge through a mixture of acetylene and argon, and the Swan system was observed in emission. Spectra were recorded to cover the 14,000Y24,000 cm À1 range at a resolution of 0.10 cm À1 . The increased resolution associated with the Fourier transform spectrometer ( FTS) permitted the identification of 34 bands up to the (10, 9) band. We also identified the v 0 ¼ 7 level through the observation of the (7, 6) and (7, 9) bands and confirmed that this new level is indeed a member of the Swan system. A total of 30 bands spanning v 0 ¼ 0Y10 and v 00 ¼ 0Y9 were rotationally analyzed simultaneously.
We confirmed the measured transition wavenumbers and the assignments obtained from the dye laser absorption spectra ( Tanabashi & Amano 2002) , and moreover, we found that such discrepancies existed over a wider range. Most of the measured transition wavenumbers and the line assignments in our FT spectra for relatively low-v bands were found to agree with the data published by Phillips & Davis (1968) . However, for the high-v bands the new line assignments in many cases do not agree with the tabulated literature values. In particular, our line assignments and transition wavenumbers for the six bands involving the levels of v 0 ¼ 4, 5, 6 are almost completely different from the earlier ones. Major sources of this disagreement are probably caused by heavy line congestion and small but numerous perturbations. From the analysis, perturbations were found in the upper d 3 Å g state for v 0 ¼ 0, 1, 2, 4, 6, 8, 9, and 10 . A study of these rotational perturbations suggests that some of them are the result of interactions with the high-v levels of the b 3 AE À g state. However, details of the perturbations are not completely understood and remain a subject of further investigation. We intend to carry out a more detailed analysis in the future.
EXPERIMENTAL PROCEDURE
The Swan system was observed in emission from a microwave discharge in a flow of acetylene (C 2 H 2 ) diluted in argon through a discharge tube. An Evenson-Broida microwave cavity was attached to the center of a glass cell ($15 cm long) and 80 W of power was applied at a frequency of 2450 MHz. The partial pressure of acetylene was a few tens of mtorr, and the total pressure was about 2 torr. The discharge glow was focused onto the Fourier transform spectrometer (FTS) emission port with a CaF 2 lens.
Because we did not evacuate the spectrometer, we have converted the ''air'' wavenumbers to vacuum wavenumbers with our usual procedure ( Hirao et al. 2000) . To reduce the influence of strong transitions of other molecules and atoms, several optical filters were used. Two sets of spectra were recorded to cover the range from 14,000 to 24,000 cm À1 . The first covered the range from 15,800 to 24,000 cm À1 with a 400 nm red-pass filter and a 600 nm blue-pass filter. This region contained the Áv ¼ À2, À1, 0, +1, and +2 sequences and some bands of the A 2 Á-X 2 Å system of CH. The second region covered the 14,000 to 17,100 cm À1 spectral range with a 588 nm red-pass filter and a 700 nm bluepass filter, and we used a notch filter to attenuate the strong He-Ne laser line at 632.8 nm. In this range, the spectra of Áv ¼ À2 and the weaker Áv ¼ À3 sequences were recorded. To obtain a good signal-to-noise ratio, the emission spectra were accumulated over 50 scans at a spectral resolution of 0.10 cm À1 . The observed line width of C 2 was about 0.15 cm À1 . The C 2 line widths did not change when we increased the resolution, indicating that, because of the high plasma temperature of the discharge, the line widths were primarily determined by the Doppler effect. The observed line width is consistent with a translational temperature of about 2700 K.
The transition wavenumbers were measured using a Windowsbased program called WSpectra, written by Michel Carleer ( Laboratoire Chimie Physique Moléculaire, Université Libre de Bruxelles, Belgium) and calibrated against argon atomic lines ob-served at the same time. The calibration factors were obtained for the two sets of spectra as 1.00000212 ( blue region) and 1.00000240 (red region) on the basis of standard Ar atomic lines (Norlen 1973) . The precision of the transition wavenumbers was estimated to be 0.005 cm À1 for clear unblended lines. However, many lines are overlapped in very congested regions and the measurement precision is often degraded. The estimated uncertainties of transition wavenumbers for the blended lines range from 0.01 to 0.15 cm À1 .
OBSERVED VIBRATIONAL BANDS
In this investigation, the Swan system was observed up to v 0 ¼ 10 for the upper state and v 00 ¼ 9 for the lower state in emission. A total of 34 bands belonging to the Áv ¼ À3 to +2 sequences were identified. An overview of the observed spectra is shown in Figure 2 . Each sequence contains several closely spaced bands, so the spectra have a very complicated appearance with many lines from different bands piled up in the same region. For each band three P branches and three R branches were identified. The rotational analysis could be carried out for relatively high levels up to about J 0 ¼ 85 and J 0 ¼ 60 for bands with v 0 ¼ 0 and v 0 ¼ 1, respectively. For the vibrational levels with v 0 ¼ 2Y10, the rotational assignments could be made for J up to 30Y50. All the band heads of the rotationally analyzed bands are listed in Table 1 .
A sizable portion of the observed bands were found to be perturbed, as will be discussed below, and this was another source of difficulty in assigning the lines. To unravel the perturbations, a simultaneous analysis of several vibrational bands that shared a common vibrational level was carried out. Reasonable and consistent assignments were reached for 30 bands by trial and error.
3.1. The Áv ¼ þ1 Sequence
The Áv ¼ þ1 sequence is the most extensive one in the Swan system. This sequence is located in the wavenumber region between 20,800 and 21,700 cm À1 . The overall picture of this sequence is shown in Figure 3 . Although the line density was generally high, as shown in this figure, the identification of lines was not difficult, as long as they were free from severe overlaps. The first member of the sequence, the (1, 0) band, forms a band head at 21,104 cm À1 and is followed by the (2, 1), (3, 2), . . . , up to (10, 9) bands. Figure 4 shows a part of the R branch lines of the (1, 0) band. A distinctive pattern of triplets can be easily traced. The assignments of the (1, 0) band by Phillips & Davis (1968) are indicated at the top of the figure by short vertical lines, and our assignments are shown at the bottom. The assignments and the measured transition wavenumbers of the two sets of data agree reasonably well.
The assignments of lines in the congested region were made step by step, starting from the (1, 0) band and then going to higher vibrational bands. The transitions of the next low-v band, i.e., (2, 1), were thus assigned after the (1, 0) band lines were sorted out, and a similar process was repeated for higher vibrational bands until almost all prominent lines were assigned. The band head positions for the (2, 1), (3, 2), (4, 3), and (5, 4) bands are 21,202, 21,282, 21,339, and 21,368 cm À1 , respectively. The separation between these values decreases as v increases, and they form a head of heads. The band head of the (6, 5) band turns around and is located at 21,360 cm À1 , lower than that of the (5, 4) band. As a result, the line density becomes very high in the 21,400 to 21,600 cm À1 region. Several hundred lines pile up and a part of this region is shown in Figure 5 . The assigned line positions by Phillips & Davis (1968) are given at the top of this figure, and our assignments are at the bottom. These two sets of assignments do not agree.
It is useful to make a critical comparisons between our new results and the previous work of Phillips & Davis (1968) . For the (1, 0) and (2, 1) bands, our assignments are consistent with those of Phillips & Davis (1968) . The (3, 2) band has been unambiguously assigned up to J $ 30 in this investigation, while Phillips & Davis (1968) identified a limited number of high-J transitions. For the (4, 3) band, the identification and the assignments by Phillips & Davis (1968) were found to be problematic, e.g., some of the lines of one of the three spin components are misassigned to an unrelated band. The (5, 4) and (6, 5) bands appear in the same wavenumber region almost on top of each other, as shown in Figure 3 . Most line assignments for the (5, 4) and (6, 5) bands by Phillips & Davis (1968) turned out to be incorrect, and the assignments and the transition wavenumbers obtained by us are listed in Table 7 in Appendix A. The higher vibrational bands, (7, 6), (8, 7), and (9, 8), with band origins located at 21,360, 21,260, and 21,100 cm À1 , respectively, were also identified. These three bands form no band heads within the observed range of the J values, and these bands are often referred to as ''headless bands.'' The (7, 6) and (8, 7) bands were identified for the first time by this investigation. The (9, 8) and (10, 9) bands are well isolated from other bands, and they are easily identified in contrast to the lower v bands in the congested region. Phillips & Davis (1968) also identified these two bands, and their assignments agree with ours. The (10, 9) band forms a band head in the R branch at 20,958 cm À1 and is therefore red degraded in contrast to other blue degraded bands of the Swan system. The degree of disagreements in the Phillips & Davis (1968) are given at the top, and our assignments are at the bottom. No major discrepancies are found between the two sets of assignments. assignments between the work of Phillips & Davis (1968) and ours are summarized in Table 2. 3.2. The Áv ¼ 0 Sequence
The Áv ¼ 0 sequence is located in the 19,350 to 19,950 cm À1 region. The (0, 0) band was the strongest band in our spectrum, and the (1, 1) band was much weaker. The intensity of the succeeding bands rapidly diminished. We identified bands in this sequence up to the (3, 3) band. The (4, 4) band was too weak to make a reliable analysis. The (0, 0) band forms a band head at 19,354 cm À1 in the P branch. The (1, 1), (2, 2), and (3, 3) bands have band heads at 19,490, 19,611 and 19,715 cm À1 , respectively, as listed in Table 1 . They are all blue degraded as are most other bands.
3.3. The Áv ¼ À1 Sequence
The Áv ¼ À1 sequence, the (0, 1), (1, 2), (2, 3), (3, 4), (4, 5), and (5, 6) bands, lies in the 17,740Y18,600 cm À1 range. They are all blue degraded and have a single head in the P branch. These bands are relatively well separated from each other, and there is no head of heads in contrast to the Áv ¼ þ1 sequence. Phillips & Davis (1968) also observed these six bands and their band head positions were at 17,739.73, 17,898.57, 18,043.25, 18,170.40, 18,275.59, and 18,351 .36 cm À1 for the bands from (0, 1) to (5, 6), respectively. Our band head positions are listed in Table 1 , and a comparison reveals that the lower vibrational bands up to (3, 4) are consistent. For these four bands [i.e., (0, 1) to (3, 4)] the assignments and transition wavenumbers obtained by Phillips & Davis (1968) are in good agreement with our results. However, the band head position for the (4, 5) band is different, and the line assignments by Phillips & Davis (1968) mostly disagree with ours. For the (5, 6) band, the difference in the band head position is about 2 cm À1 , and their line positions for the entire band seem to be shifted to lower wavenumbers as compared to ours. The differences, however, are not just shifts: the line assignments are completely different. We encountered a similar situation in the bands associated with v 0 ¼ 4; 5; 6 in other sequences, for which previous rotational assignments are wrong.
The Áv ¼ À2 Sequence
The (0, 2), (1, 3), (2, 4), . . . , and (7, 9) bands have been recorded in the region between 16,150 and 17,100 cm À1 . The lowv bands in this sequence are well separated, but the higher v bands become congested, making the assignments more difficult. Among these, the (5, 7), (6, 8), and (7, 9) bands were observed in absorption by using a dye laser as a radiation source (Tanabashi & Amano 2002) . The (7, 9) band was identified for the first time by the absorption spectroscopy (Tanabashi & Amano 2002) . Moreover, Tanabashi & Amano (2002) discovered that the measured transition wavenumbers and the assignments by Phillips & Davis (1968) for the (5, 7) and (6, 8) bands were not correct as discussed in their paper (Tanabashi & Amano 2002) . These three bands have also been identified in the emission spectra, and the measured transition wavenumbers and the assignments are in good agreement Phillips & Davis (1968) are given at the top, and our assignments are at the bottom. Several bands are overlapped, and the symbols distinguish the transitions of (1, 0) (stars), (2, 1) (triangles), (3, 2) (squares), (4, 3) (circles), (5, 4) ( pluses), (6, 5) (short vertical lines), and (7, 6) (diamonds). The two sets of assignments disagree in many cases for the higher v bands. with the results obtained by absorption spectroscopy. Those data from the absorption spectroscopy together with some additional lines mostly for high-J transitions were included in the least-squares analysis.
The Áv ¼ À3 Sequence
The wavenumber range of 14,000Y17,000 cm À1 was recorded in a separate experiment. The (1, 4), (2, 5), (3, 6), and (4, 7) bands were identified in the range from 14,550 to 15,400 cm À1 . Unfortunately, the notch filter used to block the He-Ne metrology laser also attenuated the high wavenumber side of the (4, 7) band and the entire region where the (5, 8) and higher vibrational bands are expected.
3.6. The Áv ¼ þ2 Sequence
The Áv ¼ þ2 sequence was observed in the range of 22,600Y 23,100 cm À1 . Strong lines of the A 2 Á-X 2 Å system of CH also appeared in this region, and covered the weaker C 2 spectra under our experimental conditions; only the (2, 0), (3, 1), and (8, 6) bands were rotationally analyzed. The bands from (4, 2) to (7, 5) were difficult to analyze because they were weak in intensity and the lines were heavily overlapped due to the formation of a head of heads. The (2, 0) and (3, 1) bands have P-branch heads at 22,814 and 22,869 cm À1 , respectively, and the (8, 6) band is a headless band with the band origin located at 22,744 cm À1 . Band heads can be identified at 22,902 and 22,904 cm À1 for the (4, 2) and (5, 3) bands, as expected by calculation.
ANALYSIS AND DISCUSSION

A Global Fit
An iterative, nonlinear, weighted least-squares fitting program was used for analysis of the measured wavenumbers for more than 3400 transitions. The transition wavenumbers for all the identified bands were fitted together, and a set of 187 parameters were determined. All the transition wavenumbers and rotational assignments determined in this work are listed in Appendix A.
The effective Hamiltonian of Brown and Merer for a 3 Å state was used for the analysis (Brown & Merer 1979) . Known highresolution data obtained by Curtis & Sarre (1985) for the (0, 1) band, by Suzuki et al. (1985) for the (1, 0) band, and by Prasad & Bernath (1994) for the bands up to (3, 4) were included in the fit to improve the constants for the low-v states. Curtis & Sarre (1985) and Suzuki et al. (1985) observed several ''cross transitions'' between the F 1 $ F 2 , F 2 $ F 1 , F 2 $ F 3 , and F 3 $ F 2 spin components. These lines are useful in determining more accurate spin-orbit coupling constants and Ã-doubling parameters. In the fitting, each input data point was weighted by the square of the reciprocal of its estimated uncertainty of the measurements:
The uncertainty ( i ) was determined for each line on the basis of the signal-to-noise ratio and the line width. However, in many cases the spectral lines are broadened because of overlaps of several transitions. The transition wavenumbers for blended lines were included in the fit with reduced weights, depending on the uncertainties, ranging from 0.01 to 0.10 cm À1 . Perturbed lines were mostly excluded from the fit. The vibrational levels with v ¼ 4, 6, and 9 of the d 3 Å g state were affected by perturbation over almost the entire range of observed rotational levels. In order to determine approximate spectroscopic parameters, these data were included in the fit with reduced weights of up to 1/400 of those for clear unblended lines. It was also necessary to fix certain parameters to obtain a reasonable fit. The A D and D values for v ¼ 6 of the d 3 Å g state were fixed to estimated values calculated from other vibrational levels. Similarly, for the v ¼ 8, 9, and 10 levels, the A D parameters were also fixed. However, it was difficult to judge which line should be included in the fit with what weight for the bands that were entirely affected by perturbations as in the case of the (6, 8) band observed by a dye laser absorption spectroscopy (Tanabashi & Amano 2002) . After many trials, rough values for the spectroscopic constants were derived for these heavily perturbed vibrational levels (e.g., v ¼ 4, 6) of the d 3 Å g state.
The molecular constants determined from the least-squares fit are summarized in Tables 3 and 4 for the a 3 Å u and d 3 Å g states, respectively. Major constants such as the rotational constants and the spin-orbit coupling constants show a reasonable smooth vibrational dependence, while some irregularities are noticeable in minor constants such as the spin-spin and Ã-type doubling parameters. The term energy was given relative to the origin of the v ¼ 0 state of a 3 Å u . If absolute energies are needed relative to the ground state, the energy difference between the origin of the v ¼ 0 of the a 3 Å u state and the origin of the ground state X 1 AE þ g should be added. This difference has been determined to be 1536.0731 cm À1 from a perturbation analysis by Amiot et al. (1979) , although this value needs to be used with caution because a different formulation of the effective Hamiltonian was used.
From the laser absorption spectrum recorded by Tanabashi & Amano (2002) the molecular constants for the v ¼ 5; 6; 7 states in d 3 Å g and for the v ¼ 7; 8; 9 states in a 3 Å u were determined. Tanabashi & Amano corrected the assignments made by Phillips & Davis and eliminated an abnormality in the vibrational dependence Note.-The numbers in parentheses indicate 1 standard deviation to the last significant digits of the constants. a To fit the v ¼ 0 data higher order terms were needed and were determined to be H ¼ 6:745 (77) ; 10 À12 , o D ¼ À7:87 (58) ; 10 À6 , p D ¼ 0:063 (14) ; 10 À6 , and q D ¼ À0:00950 (26) ; 10 À6 . of the rotational constants, as shown in Figure 5 of Tanabashi & Amano (2002) . Comparison between the new set of parameters and those obtained in Tanabashi & Amano (2002) reveals slight differences. The new constants obtained in this investigation are thought to be more accurate, as the analysis was carried out by including all the available data simultaneously.
The spectroscopic parameters of Tables 3 and 4 were used to derive the equilibrium molecular constants for the vibrational, the rotational, and the spin-orbit coupling constants by using customary energy level expressions for a vibrating rotator
A
for the a 3 Å u and d 3 Å g states, and the values obtained are listed in Table 5 . Extensive perturbations in the d 3 Å g state make it difficult to determine all the G(v) values for the levels up to the v ¼ 10 to the accuracy expected from the experimental precision. Therefore, relatively unperturbed levels were used to obtain a reasonable fit. As a result, ! e , ! e x e , ! e y e , nd ! e z e were determined by using the data of v ¼ 1, 2, 3, 5, 7, and 8 for the d 3 Å g state. The ! e z e term was not significant for the lower a 3 Å u state. The equilibrium internuclear distances r e of 1.311946(16) and 1.265122(32) 8 for the a 3 Å u and d 3 Å g states, respectively, have been derived from the B e values without correcting for the effect of the breakdown of the Born-Oppenheimer approximation such as the second-order contribution to the rotational energy from the electron-rotation interaction. Although the constants for the a 3 Å u state were determined with better precision by Amiot et al. (1979) , the values obtained here are probably more realistic because our analysis involved a wider range of v.
The Rotational Perturbations
It is well known that the Swan system exhibits numerous, but relatively small, perturbations (Callomon & Gilby 1963; Phillips 1968 ). Callomon & Gilby identified perturbations in the v ¼ 0, 1, and 2 levels in the d 3 Å g state. Their analysis suggested that the perturbations in these vibrational levels were caused by the interaction with v ¼ 11Y16 vibrational levels in the b 3 AE À g state (Callomon & Gilby 1963) . The rotational term values for these high-v energy levels of the b 3 AE À g state were extrapolated from lower v states observed by Ballik & Ramsay (1963b) . The Callomon & Gilby spectra had a rather high rotational temperature, so the perturbations they observed involved high-J lines, while Phillips (1968) identified perturbations with lower J rotational states. In addition, Phillips reported the identification of perturbations in the v 0 ¼ 3, 4, and 5 levels. The majority of these perturbations were ascribed to the b 3 AE À g state. He suggested that the X 1 AE þ g state was involved in some of the perturbations, but later Amiot (1983) concluded that the X 1 AE þ g state was not involved in perturbing the d 3 Å g state, at least for the v ¼ 0 level based on studies using the isotopic species 13 C 2 and 12 C 13 C.
Our observation reproduced most of the perturbations identified previously for the low-v states (Callomon & Gilby 1963; Phillips 1968 ). Callomon & Gilby (1963) proposed that the perturbation involving the F 2 (51) level in the v ¼ 0 state was caused by a 1 Á g state that was unobserved at that time. This 1 Á g state was later detected by Fourier transform emission spectroscopy by Douay et al. (1988) . We confirm that this level is perturbed. Callomon & Gilby (1963) pointed out that the perturbation of the N ¼ 47 level in d 3 Å g v 0 ¼ 0 was caused by an almost exact resonance with the N ¼ 47 rotational level of the b 3 AE À g state. Note.-The numbers in parentheses indicate 1 standard deviation to the last significant digits of the constants. Phillips (1968) listed in his Table III the shifts for the N ¼ 47 rotational levels [F 1 (48), F 2 (47), and F 3 (46)]. According to their analysis, this is one of the most conspicuous perturbations in the Swan system. Figure 6 displays the perturbed lines together with the extra perturbing lines. This figure corresponds to Figures 1a,  1b , and 1d of Callomon & Gilby (1963) but at higher resolution. The density of lines in the R-branch region is not high and the assignments of the perturbed R-branch lines is straightforward, and the extra lines identified by Callomon & Gilby (1963) are indeed confidently identifiable. These lines are marked by asterisks ( Ã ) in Figure 6 . Based on the R-branch assignments, the P branches can be predicted. However, the line density in the P-branch region is much higher and the extra lines listed by Callomon & Gilby (1963) are buried under stronger lines, and their identification cannot be made with confidence, as Figure 6 indicates. Evidently, the spectrum obtained by Callomon & Gilby (1963) is simpler without much overlap with other bands. As all the three fine-structure components (J ¼ 46, 47, and 48) are perturbed with a similar magnitude, the perturbing state is very likely to be the N ¼ 47 level of the b 3 AE À g state, as originally pointed out by Callomon & Gilby (1963) .
Both Callomon & Gilby (1963) and Phillips (1968) listed N ¼ 31 and N ¼ 33 rotational levels for v 0 ¼ 1 of the d 3 Å g state as perturbed. We also confirm this and obtained more accurate shifts (see Table 7 in Appendix A). The N ¼ 37 levels for v 0 ¼ 1 are listed as perturbed by Phillips, but not by Callomon & Gilby. Our observation and assignment indicate that these levels are indeed perturbed but the shifts obtained are somewhat different from those given by Phillips.
For the v 0 ¼ 2 level, according to Phillips (1968) J ¼ 9, 10, and 11 of the F 2 spin component are perturbed. Our analysis also indicates that these levels are certainly perturbed, but there is an interesting and important difference. The (2, 1) band observed by us is shown in Figure 7 together with the spectra of the (2, 2), (2, 3), and (2, 4) bands. They are displayed by aligning the calculated R 2 (9) line positions for these bands. The dotted vertical line indicates the position of the calculated unperturbed transition wavenumbers for the R 2 (9) transitions. We identified slightly weaker lines at about 1 cm À1 higher to the expected positions. We have assigned these lines as the shifted R 2 (9) transitions. The differences between the calculated line positions and observed ones are 0.942, 0.939, 0.954, and 0.951 cm À1 for the (2, 1), (2, 2), (49), P 2 (48), P 3 (47) transitions and for (b) the R 1 (47), R 2 (46), and R 3 (45) are indicated by dashed vertical lines. No lines are observed at those expected positions. Instead, the lines are identified at higher wavenumber by about 1.5 cm À1 than the corresponding unperturbed line positions. Note that some extra transitions around 19,798 cm À1 , which are marked by asterisks ( Ã ), are likely to be the transitions from the perturbing state.
(2, 3), and (2, 4) bands, respectively. These values agree well with each other within experimental error. Therefore, it can be concluded, as Phillips pointed out, that the J ¼ 10 level of the F 2 spin component of the v 0 ¼ 2 level is shifted by a perturbation. Similar shifts were found in the corresponding P-branch transitions, which confirmed the assignments. In addition, we found much weaker features at the positions indicated by the dotted line at about 5 cm À1 lower than the calculated main lines and assigned them as transitions from the perturbing state.
Phillips obtained shifts (O À C ) of +1.45, +0.89, and +0.38 cm À1 for the J ¼ 9, 10, and 11 levels, respectively. The shifts obtained from our analysis are À1.118, +0.949, and +0.413 cm À1 , respectively. Our results clearly show that a perturbing state crosses between the J ¼ 9 and J ¼ 10 levels of the F 2 spin component, and it cannot be a b 3 AE À g level. Figure 8 plots the deviations of the transition wavenumbers from the calculated values together for the (2, 1) and (2, 3) bands against the upper rotational quantum number J 0 . Each point was obtained only from R-branch transitions, because the P-branch lines were often overlapped by other spectral lines especially in the band head region and this degraded the measurement accuracy. The two sets of residuals of the fit, one for the (2, 1) band and the other for the (2, 3) band, agree well with each other within experimental accuracy. This figure corresponds to Figure 1 of Phillips (1968) but it is clear that our analysis is more reasonable. The transition wavenumbers of these lines together with the deviations are listed in Appendix A for the (2, 0), (2, 1), (2, 2), and (2, 3) bands.
For 12 C 2 , only the symmetric states obtained on interchange of the equivalent 12 C nuclei are allowed. As a result, only e-levels are possible for even-J and f levels for odd-J in the d 3 Å g state, and vice versa in the a 3 Å u state. In the b 3 AE À g state, only odd-N rotational levels are allowed by nuclear spin statistics. As Figure 8 shows, the deviations caused by the perturbation change smoothly for even-and odd-J. Therefore, the b 3 AE À g state is a very unlikely perturber of these rotational levels in the d 3 Å g state. A very likely perturbing state is a high-v level of the B 1 Á g state. Phillips also pointed out that the perturbations in the v 0 ¼ 2 level could not be explained by interaction with the b 3 AE À g state, and he suggested that a high-v level of the ground 1 AE þ g state was a likely perturber. However, in 1 AE þ g states only even-J rotational levels are possible, so such smooth deviations over for both the even-and odd-J levels are hard to explain. As now we know that the assignments for the higher v bands by Phillips & Davis (1968) were largely questionable, the discussion on the perturbations in these higher v states given by Phillips needs reconsideration. Most perturbations occur in the upper d 3 Å g state, except for the v ¼ 7 level of the a 3 Å u state, which was discovered in our absorption spectroscopy experiment (Tanabashi & Amano 2002) . Rotational perturbations were found in the vibrational levels of v ¼ 0, 1, 2, 4, 6, 9, and 10 of the d 3 Å g state. The graphical displays of the deviations from the fit for these levels are given in Figure 10 in Appendix B. As various patterns are observed for these deviations, the identification of perturbers and interaction mechanism needs to be considered specifically for each case. We do not go into details in the present paper, but further analysis will be carried out in the future.
Several of the observed perturbations are caused by interactions with the b 3 AE À g state, which is the upper state of the Ballik-Ramsay system (b 3 AE À g -a 3 Å u ). Callomon & Gilby (1963) extrapolated the term values from the data available at that time (Ballik & Ramsay 1963b) and discussed the perturbations based on such calculated term values. However, the higher v levels, v ! 10, which are supposed to cause the perturbations in the d 3 Å g state, have never been observed directly. Amiot et al. (1979) extended the observation of the Ballik-Ramsay system to higher v states up to the (7, 4) band. They derived a set of the Dunham coefficients for both the b 3 AE À g and a 3 Å u states. As this set of molecular constants were determined by including much higher v levels (Amiot et al. 1979) , we reevaluated the term values for the b 3 AE À g state. Figure 9 plots the term values against J (J þ 1) for the vibrational levels of the d 3 Å g and b 3 AE À g states. The d 3 Å g -b 3 AE À g interactions are marked by hatched blobs, and other perturbations for which the perturbing states are not identified are marked by crosses. It can be seen that the vibrational levels of the d 3 Å g and b 3 AE À g states cross each other at several points. In addition, the high-v levels of the B 1 Á g state are also located in the same region, but they are not shown in this figure. Many of the perturbed regions observed in our work are found to be located very close to the d 3 Å g -b 3 AE À g crossing points. Table 6 lists the likely perturbing states for the d 3 Å g -b 3 AE À g interactions. This shows that the calculated term values explain very well the perturbations observed most strongly and that these perturbing states are likely to be the high-v 0 levels of the b 3 AE À g state. For the unidentified perturbations, it is possible that the vibrationally excited levels of the B 1 Á g and B 0 1 AE þ g states with appropriate symmetry might be responsible.
CONCLUSION
We made an extensive investigation of the bands of the Swan system using a high-resolution Fourier transform spectrometer. We observed the Swan system in emission from a microwave discharge in a mixture of acetylene and argon. A total of 34 bands, up to the (10, 9) band, were identified, and the levels with v 0 ¼ 0Y10 and v 00 ¼ 0Y9 were rotationally assigned. Out of these 34 bands, a total of 30 bands were subject to a simultaneous global fit to derive spectroscopic constants. As a result, we found a number of discrepancies between the new measurements and the previous results (Phillips & Davis 1968 ). In particular, for the high-v bands (higher than v ¼ 4) not only disagreements in the measured transition wavenumbers but also misassignments were found. The line assignments and the transition wavenumbers of the six bands involving the levels with v 0 ¼ 4, 5, and 6 are almost completely different from the earlier ones. The Phillips & Davis work is the only previous analysis for such high-v levels of the Swan system. Major sources of this disagreement are thought to be heavy line congestion and many perturbations found in these bands. A study of the perturbations of these states suggests that part of the rotational perturbations are the result of the interactions with high-v levels of the b 3 AE À g state.
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APPENDIX A TRANSITION WAVENUMBERS OF THE SWAN SYSTEM.
The assignments and the transition wavenumbers obtained by us are listed in Table 7 . Notes:
1. The vacuum wavenumbers in cm À1 are listed for the P 1 to R 3 branches with the lower state rotational quantum numbers. The odd J transitions represent the (e)-(e) transitions and the even J transitions the ( f )-( f ) transitions. 
The (0, 0) Notes.-(a) Well-resolved isolated lines; (b) lines with a strange line shape due to overlap with other lines (they are included in the fit with reduced weight); (c) blended lines or lines slightly shifted by perturbations, but included in the fit with reduced weight; ( p) extra lines caused by a perturbing state to the d 3 Å g state; ( y) perturbed lines, or most heavily overlapped lines, not included in the fit ( however, identifications are certain); (z) perturbed lines, or most heavily overlapped lines, not included in the fit (however, identifications are certain). Table 7 is available in its entirety in the electronic edition of the Astrophysical Journal Supplement. A portion is shown here for guidance regarding its form and content.
2. ''O À C'' indicates the observed minus calculated values times 10 3 in cm À1 . O À C is left blank for blended lines that show apparent broadening or shoulder, and the calculated transition wavenumbers are listed.
3. Columns next to the observed minus calculated values are the symbols that categorize the lines as follows: (a) well-resolved isolated lines; ( b) lines with a strange line shape due to overlap with other lines (they are included in the fit with reduced weight); (c) blended lines or lines slightly shifted by perturbations, but included in the fit with reduced weight; ( p) extra lines caused by a perturbing state to the d 3 Åg state; (y) perturbed lines, or most heavily overlapped lines, not included in the fit (however, identifications are certain); (z) perturbed lines, or most heavily overlapped lines, not included in the fit ( however, identifications are certain).
APPENDIX B
PERTURBATIONS IN THE d 3 Å g STATE Figure 10 shows deviations of rotational energy in the d 3 Å g state for different values of v 0 .
